up to an integral fluence of about p/cm and p/cm , respectively. Due to the proton induced activation of long-lived radioactive secondaries the optical inspection of all samples had to be performed several months after irradiation for safety reasons. However, the samples were kept continuously cold to minimize thermal recovery. Both irradiations produced a similar set of induced absorption bands. Moreover, a shift of the fundamental absorption edge at short wavelength appears even after irradiation with low energy protons. The contribution will show in detail the set of experimental data and discuss a possible mechanism for an understanding and interpretation of the observed effects.
I. INTRODUCTION
T HE PANDA detector is a new detector system which will be installed at the international FAIR accelerator facility (Darmstadt, Germany) with a wide research program [1] , [2] . V. Dormenev, T. Kuske, and R. W. Novotny are with the 2nd Physics Institute, Justus-Liebig-University, D-35392 Giessen, Germany (e-mail: valery.dormenev@exp2.physik.uni-giessen.de; till.kuske@exp2.physik.unigiessen.de; rainer.novotny@exp2.physik.uni-giessen.de).
M. Korjik and V. Mechinski are with the Institute for Nuclear Problems, 220030, Minsk, Belarus (e-mail: mikhail.korjik@cern.ch; lupus@belastro.net).
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One of the major detector components will be the Electromagnetic Calorimeter (EMC) in the target region based on a new generation of lead tungstate crystals PbWO (PWO-II) [3] , [4] . The first generation of mass produced PWO-I crystal is used for the electromagnetic calorimeter section ECAL of CMS at LHC. The growing technology of CMS type crystals was optimized to obtain detector units with high radiation hardness and less stringent requirements to light yield [5] , [6] . In contrast, the production technology of PWO-II crystals for the PANDA EMC was focused to increase the light yield without degradation of radiation hardness [7] , [8] . A further increase can be obtained by additional cooling down to low temperatures exploiting the reduction of luminescence quenching. The temperature gradient of the light yield of PANDA PWO-II crystal is C in the temperature range from C till C. The operating temperature of the PANDA EMC was chosen as C. At that temperature the light yield reaches a 3.5 times higher value relative to room temperature without significant contributions of slow components. As a result of the optimization of PWO-II crystal properties the PANDA calorimeter can detect photons in an energy range from 15 GeV down to 10-20 MeV, respectively.
Crystals for the CMS and partly for the PANDA calorimeters were produced by Czochralski method at the Bogoroditsk Technological Chemical Plant (BTCP, Bogoroditsk, Russia). An alternative producer for mass production of PWO crystals is Shanghai Institute of Ceramics, Chinese Academy of Science (SICCAS, Shanghai, China) applying the modified Bridgman method [9] .
The radiation damage of PWO under electromagnetic irradiation has been well studied [10] , [11] . It was concluded, there is no damage of the host structure and the luminescence mechanism of PWO crystals in the strong electromagnetic environment.
Detailed investigations of radiation damage of PWO crystals under hadron irradiation were done in the last years [12] - [14] focusing on high particle fluxes. Recent results of such kind of damage in both types (BTCP and SICCAS) of PWO crystal are presented in this paper studied at much lower particle energies.
II. RADIATION DAMAGE AND STIMULATED RECOVERY PROCESSES IN PWO CRYSTALS

A. Gamma-Irradiation Damage
The main mechanism of the radiation damage in PWO is degradation of optical transmittance under ionizing radiation.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. It occurs due to the population of electron traps by electrons from the conduction band creating color centers, which are responsible for the absorption bands in the nearest UV and visible range of the transmittance spectrum. The damage is very critical especially in the region of 420 nm, where the maximum of the luminescence spectrum of PWO is located. The change of the optical transmittance of a full size (20 cm) PWO sample for the PANDA EMC under gamma irradiation ( Co source) with different doses is presented in Fig. 1 . One observes a relatively large degradation of the transmittance after a dose of 30 Gy. There is almost no further change after 210 Gy since the concentration of defects, which can trap electrons in lead tungstate, is fixed and evaluated as typically of the order cm [15] . Therefore, the damage of the optical transmittance reaches saturation after a specific level of integral dose. This dose is named "saturation dose" and has a value for mass produced PWO crystals of the PANDA EMC on the level of 100-200 Gy at room temperature. The saturation of the damage can be observed in two cases: 1) when the rate of color center production reaches equilibrium with the rate of spontaneous recovery of the centers due to thermo dynamical processes; 2) if spontaneous recovery processes are suppressed and all traps are populated with electrons. The first case is observed in PWO at room temperature, the latter one dominates at C, when the loss of transmittance is reaching the saturation level at a dose many times higher than at room temperature [16] . The radiation damage of PWO crystal can be also described with the radiation induced absorption coefficient as: (1) where , are the optical transmittances before and after irradiation, respectively, and the thickness of the PWO sample.
The absolute loss of scintillation light will be significantly higher for crystals with high as illustrated in Fig. 2 . A crystal sample with a value of m might lose more than 70% of the scintillation light.
The value of the radiation induced absorption coefficient at 420 nm is used as rejection parameter of mass produced PWO crystals. The distribution of all currently produced and delivered crystals for the PANDA EMC by BTCP is presented in Fig. 3 . Obviously, the dominant amount of the crystals satisfied the rejection limit of established as m . Only 6% of all crystals had to be rejected.
The radiation induced damage of optical transmittance leads to light collection losses of full size PWO crystal and results in the degradation of energy resolution of the EMC in general. Therefore, the radiation induced damage has to be minimized and monitored during operation. In particular, the impact is critical at low temperatures, when spontaneous recovery processes are suppressed or frozen. A correlation of the normalized loss of light yield of 10 PWO crystals measured at C versus the induced absorption coefficient measured at room temperature is presented in Fig. 2 . In both series of measurements at two different temperatures the crystals were irradiated with an integral dose of 30 Gy, which corresponds to the total accumulated dose in the central part of the forward endcap of PANDA EMC after 6 months of operation.
One can conclude that the radiation damage measured at room temperature can be used to extrapolate the level of damage at low temperature. of a PWO crystal due to spontaneous relaxation and under stimulated recovery at different wavelengths measured at room temperature. The peak wavelength of the LED spectrum is given in brackets.
B. Stimulated Recovery of Radiation Damage of PWO Crystals
As mentioned above the radiation hardness is one of the most critical parameters of lead tungstate crystals for EMC application. The enhancement of radiation hardness can be reached by the reduction of color center density due to improving the quality of raw material or/and doping with rare earth elements like La and Y on the level 40 ppm. But a minimum amount of defects remains in all crystals. A standard procedure to recover severe radiation damage is annealing at certain temperature. Keeping a crystal for 2 hours at 200 C leads to a complete recovery of transmittance losses. It was shown [13] that spontaneous recovery processes can be already significantly accelerated even at 50-80 C.
As an alternative, the authors [17] have shown that the radiation damage of PWO crystal can be recovered by the illumination with external light in the visible or even near infrared region. The achieved reduction of of a full size PWO crystal under stimulated recovery at different wavelengths in comparison to spontaneous recovery is shown in Fig. 4 . The measurements were performed at room temperature after irradiation with a dose of 30 Gy of Co -source. The illumination was performed with light emitting diodes (LED) with a full emission region of 100 nm and 400 nm for the blue and infrared diodes, respectively.
The typical time necessary for full recovery after an irradiation with a dose of 30 Gy exclusively based on spontaneous recovery at room temperature is on the level of 60 days. As shown in Fig. 4 , the recovery can be reduced down to only 3 or 10 hours by illumination with blue (464 nm) and infrared (940 nm) light, respectively.
The effect and the option for direct implementation into the calorimeter assembly of the stimulated recovery are still under investigation. The PANDA Collaboration considers two operating modes in-situ: "offline" during short beam-off phases to recover crystals readout with large area avalanche photodiodes (LAAPD) due to the quantum efficiency of the sensor up to the infrared region and "online" during data taking for those crystals readout with photo triodes with insensitive bialkali photocathode, respectively. 
III. RADIATION DAMAGE WITH 24 GEV/C PROTONS
Defect formation initiated by high energy hadrons has been studied and modeled in light single-atom compounds like silicon [18] . It has been shown that nuclear recoils create vacancies and interstitials along their paths. On the other hand, in high density crystalline materials secondary interaction products start to contribute significantly to the damage of the crystal host. The damage caused by protons along their passage across the crystal is primarily due to displacing matrix host ions out of their lattice site. At the microscopic level a primary irradiating particle undergoes an elastic collision with a matrix host ion, transferring sufficient kinetic energy to knock it out. Such single displacements can create a pair of interstitial atoms, vacancies or a Frenkel Type Defect (FTD). The recoil atom produces a point FTD and a cascade of secondary recoils along the path. Secondary recoils can also create FTDs. Moreover, a massive creation of FTDs at the end of the trajectory near the Bragg maximum can even lead to complex clusters. In case of PWO the knock-out of oxygen ions is expected to be more frequent due to the dominance in the stoechiometry and FTDs as well as single vacancies will be created.
Some investigations of radiation damage of lead tungstate under hadron beams with high fluence were performed in last ten years [12] - [14] , [19] , [20] . The similar behavior of optical transmittance degradation like under -irradiation is described in the papers. Moreover, an additional shift of the fundamental absorption edge in the wavelength range below 400 nm is observed after irradiation at a total fluence above particles/cm . For example, a typical degradation of optical transmittance of a 22 cm long PWO crystal of CMS ECAL after irradiation with a 24 GeV/c proton beam is presented in Fig. 5 .
On the same figure one can see that the shift of fundamental edge cannot be recovered even after 276.5 hours of the illumination with blue light LED. Partial recovery of optical transmittance is observed only in the spectral range above 400 nm. Indications of the recovery of the fundamental edge shift is observed only after annealing for 3 hours at 300 C. Authors [13] , [19] showed that the full recovery of the shift can be reached after extended heating at 350 C.
IV. RADIATION DAMAGE WITH 150 MEV PROTONS
In case of the PANDA detector, which is investigating antiproton induced reactions up to 15 GeV/c, one has to deal primarily with protons well below 1 GeV energy. It is very important to answer the question: which kind of hadron damage can be initiated at lower energies in lead tungstate crystals?
First we note some difference in the interaction of relativistic and low energy protons with the crystal matrix. Since the de Broglie wavelength of 24 GeV/c protons is less than 0.01 fm, they interact with individual nucleons in the crystal. The projectile shares its kinetic energy in collisions with crystal nucleons and in a subsequent cascade of nucleon-nucleon collisions. At low incident proton energies ( 100 MeV), all interactions occur primarily between nucleons and nuclei. Energetic and highly ionizing fragments are produced in particular via fission processes. The cross-section for proton induced fission of heavy nuclei depends strongly on the energy of the incidental particle [21] . For instance, for the nucleus the cross section increases rapidly from to 0.1 barn in the incident proton energy range from 20 to 90 MeV and continues up to 1 barn at an energy of 1 GeV. The smooth behavior of in the energy range above 100 MeV allows extrapolating to the range of few tens of GeV. Therefore, one can expect that the impact of proton irradiation on PWO below 150 MeV will be the similar in origin but smaller for the same fluence due to the lower fission cross section MeV GeV . We did not observe any significant damage of the optical transmittance of PWO crystals in our previous tests with 90 and 150 MeV protons and total integral fluence up to protons/cm . However, authors [20] observed an identical shift of fundamental absorption edge after irradiation with 290 MeV/c positive pions with an integral fluence of cm similar to the test with relativistic protons. We have performed an investigation using 4 samples of PWO crystals produced by Czochralski method (BTCP) and 4 samples produced by modified Bridgman method (SICCAS), respectively. Each sample was cut from a full size (20 cm) crystal to rectangular dimensions of cm cm cm. The irradiation was performed with 150 MeV proton beam provided by the AGOR Facility for Irradiations of Materials at KVI (Groningen, The Netherlands). Four samples (2 BTCP 2 SICCAS) were irradiated with an integral fluence of protons/cm (low), the remaining four with protons/cm (high). After irradiation the samples were placed in a freezer at a temperature well below 0 C to decelerate spontaneous recovery processes of the radiation damage. Finally, all measurements were started four months later. The results of transmittance measurements before and after irradiation at both fluencies are presented in Figs. 6 and 7. No significant damage is observed in case of the proton beam with low fluence (see Fig. 6 ).
The shift of the fundamental absorption edge and the typical damage in the range above 400 nm are observed after irradiation with high integral fluence. The deterioration above 400 nm can be recovered with illumination of red light (780 nm). However, the onset of the shift of the fundamental edge can be only compensated after 10 hours annealing at 200 C (see Fig. 7) .
The values of the corresponding integral doses after proton respectively, are comparable but the samples are very different in length. In order to compare the levels of damage induced by 150 MeV and 24 GeV/c protons, respectively, we recalculated the change of optical transmittance for a 22 cm long PWO crystal using the value of the induced absorption coefficients obtained for 5 cm long crystal (see Fig. 8 ). The shapes of the transmittance above 450 nm are comparable in both cases and the difference in the shifts of the fundamental edge can be explained by the relatively higher integral dose for 24 GeV/c and will be discussed in more detail in the next chapter.
V. DISCUSSION AND INTERPRETATION OF RESULTS
We can state the following facts. The damage mechanisms of lead tungstate crystal under the irradiation with relativistic and 150 MeV protons appear to be identical. Recovery stimulated Fig. 8 . Comparison of the experimental data for the irradiation damage due to 24 GeV/c and 150 MeV protons. The results at lower energy have been rescaled to a crystal length of 22 cm using the experimental absorption coefficient obtained for the 5 cm sample. Fig. 9 . Induced absorption spectrum of a BTCP type PWO crystal measured at room temperature after irradiation with a Co source ( 10 kGy dose) and its deconvolution. Peak positions are fixed and taken from [14] .
with external light is applicable only for the damage in the region above 400 nm, which is typical in case of irradiation with electromagnetic probes. Full recovery of the hadron damage is reachable only after annealing at temperatures above 200 C.
The radiation induced absorption spectrum after -irradiation of a BTCP type PWO crystal is presented in Fig. 9 . The applied integral dose of 10 kGy is equivalent to the dose due to 150 MeV protons with an integral fluence of protons/cm . The spectrum was deconvoluted considering 6 absorption bands assumed with a Gaussian shape taking the position as used in [14] .
The corresponding spectrum after proton irradiation of a similar BTCP type PWO crystal is presented in Fig. 10 . The spectrum was deconvoluted in a similar manner like in Fig. 9 and an additional tail of a Gaussian peak was used to reproduce the shift of the fundamental edge.
Different mechanisms of damage under proton irradiation are proposed by the authors of [12] - [14] , [19] , [20] . As example, the authors of [18] , [19] explain the optical transmittance losses as due to Rayleigh scattering of the light on macro defects created by proton irradiation with high fluence. We propose the following explanation of the damaging and recovery mechanisms according to [14] . Secondary particles created in subsequent reaction processes kick host atoms out of the crystal matrix and create additional vacancies or Frenkel type defects-a vacancy plus an atom located in an interstitial position. For those defects absorption bands are expected in the region below 400-450 nm. The photon energy of the used external light sources is not sufficient to recover such kinds of defects. Only annealing of the crystal can bring those ions back into host position through the diffusion.
VI. CONCLUSION
Identical changes of the optical transmittance after irradiation with relativistic and 150 MeV protons are observed. The mechanism of the damage obviously initiates the creation of an additional amount of defects with absorption bands in the region below 400-450 nm and causes a shift of the fundamental absorption edge. This substantial shift, which has a significant impact on the detectable yield of scintillation light due to self-absorption within the crystal, cannot be recovered by illumination with external light. The full recovery of the damage after hadron irradiation can only be reached after tens hours of annealing at temperatures above 200 C, which excludes a treatment of the calorimeter modules in-situ. The onset of the shift of the absorption edge is correlated with the value of the fluence. The discussed experimental results show a critical level above protons/cm .
